Some fairly regular and nearly annual variability in the equatorial Pacific after the major 1997/98 El Niño event is studied. Sea level, sea surface temperature (SST), and surface wind anomalies of this variability are tied together in a way similar to the slow cycles of El Niño-Southern Oscillations (ENSO). Despite a slightly longer-than-annual time scale, similar variability was also found in the datasets prior to 1997/98. This fastcoupled mode is superimposed on the slow 3-5-yr ENSO cycles in the tropical Pacific. It contributed to the occurrences of some minor El Niño and La Niña events. Zonal currents associated with the equatorial waves play a dominating role in generating SST anomalies of this fast mode through anomalous zonal advection. It is suggested that this fast mode may be best understood as a coupled Pacific Ocean basin (POB) mode. The existence of this fast mode, which appears independent of the slow ENSO mode, has important implications in understanding and predicting the tropical Pacific SST anomaly.
Introduction
In addition to the known typical 3-5-yr ENSO cycles, there is a wide variety of other time scales in the tropical climate system. The dominant ENSO phenomenon only account for a fraction of the tropical Pacific variability. The frequency spectrum of the Niño-3 index (5ЊS-5ЊN, 150Њ-90ЊW), which is indicative of tropical climate variability, shows variability also in the relatively short time scales of 8-18 months (Jin et al. 2003) , and on quasi-biennial (Meehl 1987; Ropelewski et al. 1992) and decadal time scales (Tourrre et al. 1999; Zhang et al. 1999) . Recently, Jin et al. (2003) show that there is significant variability of near-annual time scales in the tropical region. The present study is an extended work of Jin et al. (2003) , so we will further show the observed characteristics of the near-annual mode and discuss its dynamical mechanism.
As early as two decades ago, Cane and Moore (1981) found the so-called gravest ocean basin mode as a free solution of the linear reduced-gravity model under equa-torial ␤-plane approximations of the tropical upperocean dynamics. The gravest ocean basin mode consists of an equatorial Kelvin wave and a combination of all symmetric Rossby waves such that no normal-flow boundary conditions are satisfied through wave reflections at the east and west boundaries. The period of this mode is equal to the time taken by Kelvin waves crossing the basin plus the time for the first-symmetry Rossby wave crossing the basin. With the gravity wave speed of about 2.5 m s Ϫ1 in the reduced gravity model, this yields a period of about 8 months for the Pacific Ocean. As a free-mode solution of the linear tropical ocean dynamic equations, the equatorial thermocline variation associated with this mode is characterized by a see-saw pattern in the western and eastern Pacific, whereas the upper-ocean zonal current has a maximum at the central equatorial Pacific and vanishes at the eastern and western boundary. This is the least damped mode in the dense spectrum of the tropical ocean dynamics (Jin 2001) . Cane et al. (1990) showed analytically that by considering thermocline feedback (vertical advection of the anomalous subsurface temperature by the mean upwelling), this mode could be destabilized and transformed into a coupled mode with a greatly reduced frequency; they suggested that this coupled mode is responsible for ENSO. However, Jin and Neelin (1993) K A N G E T A L . and Jin (1997a,b) suggested that the ENSO mode has its root in the low-frequency spectrum of tropical ocean dynamics compared to that of the ocean basin mode. The analytical solution of Neelin and Jin (1993) showed that the zonal advection by anomalous currents is effective for destabilizing the Pacific Ocean basin (POB) mode. In our recent study using the observed datasets (Jin et al. 2003) , we found that there is a significant variability with a period of around 12-18 months. This mode appears to be related to the tropical ocean dynamics mode known as the gravest ocean basin mode (Cane and Moore 1981; Jin 2001) . Its characteristics are modified through ocean-atmosphere dynamical coupling. In this paper, we will describe the observed characteristics of the fast POB-like mode and discuss its mechanism and its significance in understanding and predicting the tropical Pacific SST anomaly.
Section 2 describes the utilized data. The observed characteristics of the near-annual mode are described in section 3. The related dynamics of the near-annual mode is investigated using a simple model in section 4. The summary and discussion are given in section 5.
Data
The data utilized are monthly means of sea surface temperature (SST), wind stress, oceanic current, and sea level over the tropical Pacific. The SST data are obtained from the National Centers for Environmental Prediction (NCEP), and were constructed on the basis of the EOF of observed SST (Reynolds 1988 ) and reconstructed after January 1981 using the optimum interpolation technique (Reynolds and Smith 1994) .
NCEP ocean assimilation data for 1980-2001 are used (Ji et al. 1995; Behringer et al. 1998; Vossepoel and Behringer 2000) . Observed surface and subsurface ocean temperatures as well as satellite altimetry sea level data from Ocean Topography Experiment Satellite Mission (TOPEX/Poseidon) were assimilated into a Pacific Ocean basin general circulation model. The model was forced with weekly mean NCEP operational atmospheric analyses of surface winds and heat fluxes. Recently, Vossepoel and Behringer (2000) showed that the assimilation of TOPEX/Poseidon observations improves the dynamic height simulation. They demonstrated that the application of altimetry improves the mean salinity and leads to a more accurate calculation of the ocean density structure.
Observed characteristics of a near-annual Pacific Ocean basin mode
The time series of the SST anomaly shown in Fig. 1 was averaged over the region of 2ЊS-2ЊN, 170Њ-120ЊW, which is similar to the domain for the Niño-3.4 index (5ЊS-5ЊN, 170Њ-120ЊW) except in meridional extent. This time series shows clearly some short-term fluctuations on top of the longer-term variations dominated by slow cycles of ENSO. In particular, there are some distinct fluctuations with nearly annual periodicity after the 1997/98 event of El Niño. Fluctuations with similar time scales occurred between all the major El Niño events, which are shown clearly in the local variance spectrum of the wavelet analysis of the time series ( Fig.  1 from Jin et al. 2003) . There is significant variance in the 1970s and earlier 2000s with the periodicity from 1.0 to 1.5 yr. The warm phases of the relative fast fluctuations become minor ENSO events. Overall, episodic fluctuations with a time periodicity of about 12-18 months are evident and are superimposed on the slow cycles dominated by major El Niño events.
In order to focus on the relatively fast mode of variability, we first take a close look at the group following VOLUME 17 the 1997/98 El Niño events as Jin et al. (2003) tried. The anomalous SST, zonal wind, zonal current, and sea level height are defined by removing the climatological annual cycle and the local linear trend of the anomalies during the period of late 1998 to the end of 2001. This allows us to isolate the fast fluctuations more clearly. As shown in Fig. 2 , there are almost three cycles of fairly regular oscillations with nearly annual periodicity. The anomalies of all of these variables are clearly related to each other. These fast vacillations are quite different from the features of climatological annual cycles. The overall features of these fluctuations and relations among different fields are instead somewhat similar to those of ENSO, although the time scale here is much shorter. Moreover, there is some tendency for a westward propagation of anomalies in the SST and zonal wind from the eastern Pacific to western Pacific. Note that the westward propagation is also featured in the seasonal cycle but only over the eastern Pacific. The anomalies in surface zonal currents are very strong and are not dominated by anomalous Ekman currents that should be locally related to the zonal wind forcing (Figs.  2c and 3a) . The large zonal current anomalies, thus, have to be largely associated with the equatorial waves. The modest equatorial sea level anomalies, which can be used to infer the thermocline depth or subsurface temperature anomalies, are correlated with the SST anomalies in the central and eastern Pacific. The equatorial SST anomalies are also produced by anomalous zonal advection due to anomalous zonal currents. The anomalous surface zonal current anomaly along the equator is dominated by the geostrophic current as illustrated in Fig. 3 . Thus, the surface current anomalies along the equator are associated with equatorial oceanic Kelvin and Rossby waves. The latter could be driven by anomalous equatorial wind forced by the equatorial SST anomalies. Thus, the fast mode in this study is not likely to be the ''SST mode'' (Jin and Neelin 1993; Neelin and Jin 1993) but to be an ''ocean basin mode.'' It is known that tropical ocean-atmosphere interaction can produce coupled modes through the zonal advective feedback. It was suggested first by Gill (1985) that zonal advective feedback destabilizes the equatorial oceanic Rossby waves. It was further shown by Neelin and Jin (1993) that the POB mode can be destabilized effectively by the zonal advective feedback. This kind of zonal advective feedback has been even suggested as responsible for the origin of ENSO (Picaut et al. 1997) , although it was argued that the slow ENSO cycle is more likely dominated by the so-called thermocline feedbacks through anomalous vertical advection of subsurface temperature anomalies (Jin and An 1999; An and Jin 2001) . In fact, some of the features shown in Fig. 2 resemble those of the weakly coupled POB mode of Neelin and Jin (1993) . In particular, the analytical solution has features including near-annual periodicity, relatively large zonal current anomalies in the central equatorial Pacific, and the westward propagation of SST anomalies in the central to western Pacific. Therefore, we propose that this relative fast mode of variability associated with wave-induced strong zonal current anomalies can be viewed as a coupled POB mode independent from the slow ENSO mode. The fact that this mode occurs between major El Niño events also supports the hypothesis because the zonal advective feedback generating this fast mode becomes more effective when the background zonal temperature gradient is large.
The spatial patterns associated with the fast mode are further examined by using the composite maps of the extreme and transition phases for SST and wind anomalies, and sea level and ocean current anomalies, as shown in Fig. 4 . The three episodes of the fast nearannual mode are chosen for the period of 1998-2001. The three warm mature phases are chosen in January of 1999, 2000, and 2001 . Also, three cold mature phases are chosen in July of 1999, 2000, and 2001 . The composites show conditions 2 months before the mature phases, at the mature phase, and 2 months after, as the difference between warm and cold conditions. During the peak of warm phase, the SST pattern has its center located more toward the central to eastern equatorial Pacific compared to that of ENSO. The wind stress tends to have westerly wind anomalies in the western Pacific and easterly wind anomalies in the eastern Pacific. At the peak warm phase, the anomalous zonal currents are strong and positively reinforce the SST anomalies, clearly indicating the strong positive feedback through the zonal advection. The positive but modest equatorial sea level anomalies, indicating warm subsurface temperature anomalies, also favor positive SST anomalies.
At the transition phase, anomalous zonal currents are strongly negative, whereas the equatorial sea level anomalies are only slightly negative. The anomalous cold advection by the large negative zonal currents enhances and expands the cold SST anomalies from the east equatorial Pacific to the central to western Pacific and leads the equatorial SST anomalies into the cold phase. Therefore, the main positive feedback and phase transition mechanisms of the fast mode are from the zonal advective feedback. For the slow ENSO mode, however, the thermocline feedback is primary for both the growth and phase transition of the slow cycle of ENSO, and the zonal advective feedback is in concert with but plays a secondary role to the thermocline feedback (Jin and An 1999; An and Jin 2001) .
To illustrate that this relatively fast mode of variability is not just limited to the past few years, we apply a 24-month high-pass filter for the period of 1980-2001 when we have NCEP-National Center for Atmospheric Research (NCAR) reanalysis data. Figure 5a shows the time-longitude cross section of the filtered SST along the equator for the period of 1991-2001. Relative fast variations with time scales of 12-18 months are clearly seen in the figure.
We now examine the SST budget using the following equation to find out the dominant term responsible to the fast POB equation:
The first, second, and third terms of the right-hand side of Eq. (1) are the anomalous zonal advection term, the anomalous upwelling term, and the thermocline displacement term associated with climatological mean upwelling, respectively. The meridional advection could be included in QЈ, because it plays a role of damping near the equator (Kang et al. 2001) . Zonal and vertical advection terms are displayed in Figs. 5b-5d . The figures clearly show that the fast SST variation is dominated by the anomalous zonal advection term, particularly in the western and central Pacific, while vertical advection is still significant in the eastern Pacific. It is noted that the zonal advection term is in a quadrature VOLUME 17 relationship with the SST variation, indicating that the SST tendency is controlled by the zonal advection. The vertical terms of Figs. 5c and 5d are confined in the eastern Pacific and appear to play minor roles over most of the Pacific basin except in the eastern Pacific. This is in contrast to the slow ENSO variation, which is mainly controlled by the thermocline displacement term Jin and An 1999; Kang et al. 2001 ).
Unstable POB modes
The previous section shows that the fast POB mode is separable from the slow ENSO mode and the major mechanism appears to be different from that of the ENSO, indicating that the two modes are coexisting in the tropical Pacific basin. In the present section, we confirm the coexistence of the two modes in observed basic states, using the simple two-strip model of An and Jin (2001) .
The shallow-water model for ocean dynamics under the longwave approximation on the equatorial ␤ plane is reduced to a single equation for the thermocline depth anomaly, h (Jin 1997b):
Equation (2) is an internal gravity ͙gЈH wave speed, gЈ is the reduced gravity parameter, and ␤ is the variation of the Coriolis parameter with latitude. The meridional component of the wind stress is neglected because the wind perturbations are predominantly zonal. The damping rate m is taken as (2.5 yr)
Ϫ1 . No normal motion at the eastern boundary and zerointegrated mass flux at the western boundary are assumed as the boundary conditions (e.g., Cane and Sarachik 1981; Jin 1997b) For simplicity of the dynamics, hemispheric symmetry of the system is assumed though some hemispheric asymmetry are observed . And, for the two-strip approximation, an equatorial strip and an off-equatorial strip are taken into consideration. As shown in Jin (1997b) , the ocean dynamics equations for h e in the equatorial strip (y ϭ 0) and h n for the offequator strip centered at y n can be approximately written as
n xe where is about 1.0-1.25, depending on y n and the ratio of the oceanic and atmospheric Rossby radii of deformation; and xe is the wind stress anomaly evaluated in the equatorial strip. The first part of Eq. (3) describes the Kelvin wave signal along the equator with an inclusion of the effect of Rossby waves because h n is the thermocline depth associated with Rossby wave signals in the off-equatorial strip. The boundary conditions for the two-strip model are written as
where r W and r E are reflection parameters depending on the boundary conditions, and x E and x W indicate eastern and western boundary, respectively. A change of SST may be described by the thermodynamics of a constant depth mixed layer embedded in the upper-layer ocean. Adopting the equatorial strip approximation to the SST equation and considering only the dominant processes, the equatorial SST anomaly equation is linearized about an upwelling climate state and the zonal gradient of climatological mean SST : 
where a(x), ␥(x), and c(x) are the coefficients associated with the zonal advection, thermocline displacement, and a Newtonian cooling term, respectively. The coefficients, as functions of longitude, are computed using the NCEP ocean assimilation data. Figure 6a Fig. 6 , one can say that for the recent 3-yr period, the zonal advection plays a more important role for the SST variation than that of the 21-yr mean, because of the relatively weak mean upwelling associated with weaker easterly wind stress.
The wind stress forcing in Eq. (3) is expressed in terms of SST as follows: SST patterns having sinusoidal function, respectively. It is assumed the wavelength of the sinusoidal wind stress and SST pattern is same as the ocean basin scale. In this formulation, the wind stress pattern was obtained by shifting the SST by 0.4. We used two idealized patterns (n ϭ 2), and they are in quadrature relationship between each other. Note that the formula of Eq. (5) is similar to that of the statistical atmosphere model based on SVD analysis between SST and wind stress (e.g., Kang and Kug 2000) . In Eq. (3), the finite difference method is applied to the x dependence of the variables. The spatial scale of the ocean basin is chosen to be 16 200 km and the ocean basin is discretized by equally spaced 50 grids. The eigenmodes of Eqs. (2) and (3) are obtained in the grid system, and the unstable modes are discussed in the following.
For the basic state of the 22-yr means of 1980-2001, two unstable modes are obtained. The first unstable mode has an e-folding growth rate of 0.33 yr Ϫ1 and an oscillation period of 5.2 yr. The longitude-time section of SST for the first unstable mode is shown in Fig. 7a . The variation pattern is very close to that of ENSO, which has large SST variations in the eastern Pacific and small variations in the western Pacific. On the other hand, the second unstable mode shown in Fig. 7b has basinwide SST variations, although westward propagation is also seen in the figure. The second unstable mode has an e-folding growth rate of 0.18 yr Ϫ1 and an oscillation period of 0.8 yr. The spatial pattern and oscillation period of the second unstable mode are similar to those of the observed counterparts shown in the previous section, indicating that the observed near-annual mode is in fact reproducible by using the present simple model. It is important to note that the present model results demonstrate the coexistence of the slow ENSO and the fast near-annual modes in the tropical Pacific as unstable modes.
For the basic state of the recent 3-yr means of 1999-2001, the first unstable mode becomes the fast mode, which has a time scale of about 1 yr (Fig. 8) . The variation pattern is very close to that shown in Fig. 7a , except that the westward propagation is obvious. The e-folding growth rate is 0.25 yr Ϫ1 . The slow ENSO mode now becomes the second unstable mode. The spatial pattern and oscillation period of the second unstable mode are very similar to those of the first unstable mode obtained using the 22-yr mean basic state. The e-folding rate of the slow mode is now 0.12 yr Ϫ1 , which is much weaker than that of the fast mode. Therefore, for the recent 3-yr period, the fast unstable mode is dominant and the ENSO mode is not well developed compared to the fast mode. The results indicate that the fast nearannual mode and the slow ENSO mode are coexisting as coupled unstable modes in the tropical Pacific, and that the fast mode can pop up for some period of the years, when the slowly varying basic state is favorable for the fast mode. For the recent 3 yr, the mean state is favorable to the fast mode mainly because of the weakening of the mean upwelling in the equatorial Pacific. Figure 9 shows the eigenmode of the fast mode for the recent basic state. The eigenmode consists of its real and imaginary parts, which have a quadrature relationship with each other. The spatial pattern of the real part leads that of the imaginary part. The real part may represent the mature phase of the fast mode. There is equatorial SST warming. In response to the warm SST, zonal wind stress is westerly over and to the west of the warm SST and easterly to the far east of the warm SST. The wind stress and related wind stress curl induce off-equatorial upwelling Rossby waves to the west of the warm SST, and downwelling Rossby waves to the east of the warm SST. The distribution of the zonal current, as VOLUME 17 shown in Fig. 9a , is contributed by these Rossby waves. Note that the equatorial Kelvin wave plays a role in reducing the zonal current induced by the Rossby waves.
The imaginary part may represent a spatial pattern of onset phase. The equatorial SST and thermocline depth anomaly is relatively weak. The off-equatorial thermocline depth anomalies, however, are significantly stronger in the central Pacific. This is a result of propagating the Rossby waves in the real part. Note that the Rossby waves result from easterly wind stress and anticyclonic wind stress curl. The Rossby waves induce a strong easterly zonal current, and develop cold SSTs.
The phase transition is largely due to the wave dynamics of the ocean basin mode. During the warm phase, the upwelling westward propagating off-equatorial Rossby waves are reflected to the upwelling Kelvin wave at the western boundary. The upwelling Kelvin wave arrives at the central and eastern Pacific in a relatively short time and induces negative zonal current anomalies and thermocline shallowing and, thus, produces cold SST anomalies. In Fig. 10 , we plot the phase diagram for the SST anomalies and the zonal current anomalies in the central Pacific from the fast mode and from the observation. It is clear that when SST anomalies are near 0, there is anomalous zonal advection, which brings it into the next phase. We compared the relative contributions of the thermocline term and anomalous zonal advection term in the SST [Eq. (4)] for the fast and slow modes. We calculate this ratio for the fast mode in the central Pacific region close to the location of maximum SST anomalies. We found that the ratio is about 0.35, clearly indicating that the zonal advection plays the dominating role in generating the SST anomalies of this coupled mode. In contrast, we also calculate this ratio for the slow mode in the eastern equatorial Pacific where the maximum SST anomaly appears for this mode. The ratio is about 10.0, indicating that for the slow mode, it is dominated by the so-called thermocline feedback. The mechanism of the slow mode can be explained by the recharge oscillator mechanism as proposed by Jin (1996 Jin ( , 1997a .
The local wind stress in the eastern Pacific tends to contribute to reinforce this mode. During the warm phase, in addition to the westerly wind anomalies over the SST anomaly and to its west, there are also easterly wind anomalies to the far east of the SST anomaly. The easterly wind anomalies and the associated wind stress curl anomalies off the equator generate downwelling Rossby waves in the eastern Pacific. These Rossby waves produce negative equatorial zonal current anomalies that propagate westward. These initiate a cold SST anomaly by cold advection in the east. These cold SST anomalies in the east further enhance the easterly wind stress anomalies and, thus, amplify the cold advection anomalies. This cold advection adds to the cold advection in the central to western Pacific that resulted from the upwelling Kelvin waves from the western boundary reflection. If we remove the wind stress pattern in the eastern equatorial Pacific, the SST anomalies are confined to the central Pacific and it becomes a standing oscillation (Fig. 11) . The growth rate is much reduced and becomes negative although the period remains nearly unchanged. Thus, the structure of atmospheric wind stress response plays an important role in the instability of the coupled POB mode.
Summary
We have revealed the existence of a fast near-annual mode of coupled variability in the tropical Pacific ocean-atmosphere system. This mode of variability appears to be related to the theoretical coupled POB mode controlled by the zonal advective feedback (Cane and Moore 1981; Neelin and Jin 1993 ). It appears independent of the slow ENSO mode of variability.
The observational evidence presented in this paper indicates the existence of a fast coupled mode in nature. The zonal advective feedback seems to be indeed responsible for this fast coupled mode because the SST anomalies are always strongly associated with the zonal current anomalies related to the equatorial waves. It is known that the POB mode is associated with strong zonal current anomalies in the central equatorial Pacific. Moreover, it is in the central equatorial Pacific where the zonal SST gradient is largest. Thus, the zonal advective feedback can be very effective in destabilizing and transforming the POB mode into this kind of fast coupled mode.
Using a two-strip model, it is demonstrated that there are indeed two independent leading coupled modes, an interannual mode, which is also known as the recharge oscillator and the fast mode, which is a coupled POB mode. The phase transition of the fast coupled mode is naturally from the wave dynamics of the ocean basin mode. Its stability is sensitive to the basic state. Its SST tendency is dominated by the anomalous zonal advection due to anomalous currents induced by the oceanic Kelvin and Rossby waves. The local wind stress pattern in the eastern Pacific contributes to instability of this mode. If we remove the wind stress pattern in the eastern equatorial Pacific, the SST anomalies are confined to the central Pacific and it becomes a standing oscillation (Fig. 11) . The growth rate is much reduced and becomes negative although the period remains nearly unchanged. Thus, the structure of the atmospheric wind stress response plays an important role in the instability of the coupled POB mode.
The existence of the fast coupled mode has consequences in understanding the coupled dynamics of ENSO. This result implies that the coupled slow ENSO mode is not related to the gravest ocean basin mode as indicated by the earlier simple coupled wave oscillator model for ENSO (Cane et al. 1990 ). The existence of an independent fast coupled mode indirectly confirms that the slow ENSO mode is related to the low-frequency spectrum of ocean dynamics as suggested in Jin et al. (1993 ), and Jin (1997b , 2001 . Moreover, the coexistence of this coupled fast mode and the coupled slow ENSO mode are at least partly responsible for the richness of the coupled variability in the Tropics. The existence of the coupled POB mode in nature also poses a new challenge to the ENSO prediction. When the background in the equatorial central to eastern Pacific is warm, such as in the early 1990s, this fast mode variability may surface as minor in nearly-annual El Niño events, whereas during cold conditions in the background, the fast mode leads to nearly-annual La Niña events such as in the past few years. As perhaps a weakly coupled mode, it may be stochastically excited and its predictability limit is likely to be less than its half-lifetime cycle, or up to two seasons. Further studies are needed for a better understanding this fast mode variability and its interaction with the slow ENSO mode, which will improve our the skill in predicting major and minor El Niño and La Niña events. VOLUME 17 J O U R N A L O F C L I M A T E tem for Global Change through its sponsorship of the International Pacific Research Center, and F.-F. Jin was supported by NSF Grant ATM-0226141 and NOAA Grants GC01-229 and GC01246, and SOEST 6362 and IPRC 260.
